Deficiencies in pancreatic b-cell mass contribute to both type 1 and type 2 diabetes. We investigated the role of the glucose-regulated protein (GRP) 94, an endoplasmic reticulum protein abundantly expressed in the pancreatic acini and islets, in b-cell development, survival, and function. We used a conditional knockout (KO) mouse in which the GRP94 gene, Hsp90b1, was specifically deleted in pancreatic and duodenal homeobox 1 (Pdx1)-expressing cells. These Hsp90b1 flox/flox ;Pdx1 Cre KO mice exhibited pancreatic hypoplasia at embryonic day (E) 16.5 to E18.5 and had significantly reduced b-cell mass at 4 weeks after birth. Further mechanistic studies showed that deletion of GRP94 reduced b-cell proliferation with increased cell apoptosis in both Pdx1 + endocrine progenitor cells and differentiated b cells. Although Hsp90b1 flox/flox ;Pdx1 Cre KO mice remained euglycemic at 8 weeks of age, they exhibited impaired glucose tolerance. In aggregate, these findings indicate that GRP94 is an essential regulator of pancreatic b-cell development, mass, and function.
D
estruction of pancreatic b-cell mass is a hallmark of both type 1 diabetes and type 2 diabetes (T2D) (1) . In type 1 diabetes, b-cell death is mainly mediated by autoreactive T cells (2) . In T2D, b-cell death is caused by excessive insulin demand and stress under insulin resistance conditions (3) . Recent genomic studies have shown that most genes associated with increased susceptibility to diabetes are also involved in the regulation of b-cell growth and function during embryonic and fetal periods (4) (5) (6) (7) . b-Cell proliferation and neogenesis during the neonatal period are critical for generation of a sufficient pancreatic b-cell mass/reserve and have a profound impact on long-term protection against T2D (7) . Therefore, elucidation of cellular signals that regulate b-cell mass, survival, and function may allow improvement of therapeutic strategies for diabetes through preservation and expansion of b-cell mass and enhancement of b-cell function.
Endoplasmic reticulum (ER) is responsible for proper protein synthesis, folding, trafficking, and secretion of proteins destined to the secretory pathway. When a protein cannot be folded efficiently, misfolded or unfolded proteins accumulate in the ER lumen, leading to the induction of the unfolded protein response (UPR). UPR reduces protein translation, accelerates degradation of misfolded proteins, and increases chaperone availability to maintain ER homeostasis. UPR functions through inositol-requiring protein 1, protein kinase RNA-like ER kinase, and activated transcriptional factor 6 (8) . Severe and prolonged UPR will lead to cell dysfunction and death. In b cells under acute and chronic stresses in which excessive nutrients such as glucose, arginine, and lipids are present, the demand for insulin secretion is increased. The UPR response can be activated to compensate for the increased demand. However, prolonged unresolved UPR can engage the apoptotic pathway, leading to b-cell apoptosis. It has been shown that mutations in genes required for ER function may lead to b-cell failure and early onset of diabetes in animal models and in humans (9, 10) , underscoring the important roles of proper UPR regulation.
Glucose-regulated protein (GRP) 94 is the most abundant protein in the ER lumen. GRP94 contributes to ER quality control via chaperoning the folding of proteins, interacting with other components of the ER protein-folding machinery, participating in calcium storage, and assisting in the targeting of misfolded proteins for ER-associated degradation (11) . GRP94 shares similar biochemical features with other heat shock protein (HSP) 90s, including its domain structure and ATPase activity, but also has calcium-binding ability (12) (13) (14) . Homozygous knockout (KO) of GRP94 leads to embryonic lethality at E10.5 in mice (15) . The interactions of GRP94 with its clients are dependent on cochaperones and are different from other ER chaperons. Known clients of GRP94 include immunoglobulin heavy and light chains, insulinlike proteins, insulinlike growth factor (IGF) I and II, integrins, and toll-like receptors, all of which depend on GRP94 for their maturation (16) (17) (18) (19) (20) (21) (22) . GRP94 (and orthologs) is essential for the development of plants, fruit flies, and mice (19, (23) (24) (25) . Specifically, in each organism, GRP94 is required during a specific developmental stage. However, the requirement for GRP94 does not correlate with the onset of its protein expression as it is often synthesized prior to demand but occurs when a particular client needs it in a celland tissue type-dependent manner (19, (26) (27) (28) .
In this study, we assessed the role of GRP94 in the regulation of pancreatic b-cell development, mass, and function using a mouse strain in which the GRP94 gene was deleted in Pdx1 + pancreatic progenitors and Pdx1 + Ins + b cells. These studies show a novel and essential role of GRP94 in pancreatic b cells and identify GRP94 deficiency as a likely contributing factor in the pathogenesis of diabetes.
Material and Methods

Mice and genotyping
The mouse strain that contained a floxed GRP94 allele (Hsp90b1 flox/flox /GRP94 flox/flox ) was described previously (22, 29) . The Pdx1
Cre line [B6.FVB-Tg(pdx1-cre)6Tuv/J] and R26R line [B6.129S4-Gt(ROSA)26Sortm1sor/J] were purchased from the Jackson Laboratory (Bar Harbor, ME). Only male mice were analyzed in this study. All animal studies have been approved by the Animal Care and Use Committee at the Medical University of South Carolina.
Generation of conditional KO mice and transgenic mice
Pancreatic progenitor cell (Pdx1 + )-specific GRP94 conditional KO mice were generated by breeding the Pdx1
Cre mouse strain with the GRP94 flox/flox mice. We also crossed the Pdx1
Cre ;GRP94 flox/+ mice with the R26R;GRP94 flox/+ mice (30) . The Cre-mediated recombination was then assessed by X-gal staining (31) . Pdx1
Cre ;R26R mice revealed robust LacZ staining in the pancreas.
Lentiviral infection of GRP94 short hairpin RNA
To generate GRP94 lentivirus, 293T cells were cotransfected with GRP94 short hairpin RNA (shRNA), D8.9, and VSV-G plasmids at a ratio of 2:2:1. Forty-eight hours later, lentivirus was collected, and cells were transduced by spin infection at 1800 g for 1.5 hours at 32°C. Knockdown of GRP94 in insulinoma bTC3 cells was achieved by two to three rounds of shRNA (against position 119 of GRP94) transduction on consecutive days. On day 8, knockdown (KD) efficiency was determined by intracellular staining or Western blotting for GRP94 using anti-GRP94 9G-10 antibody.
Western blot
Total membrane proteins were prepared using the Mem-Per plus membrane protein extraction kit (89842; Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instructions. Total proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidine difluoride membranes, and incubated with primary antibodies against GRP94 (ADI-SPA-850-F; Enzo Life Sciences, Farmingdale, NY), GRP78 (sc-13968; Santa Cruz Biotechnology, Santa Cruz, CA), Glut2 (NBP2-22218; Novus, Littleton, CO), and b-actin (SC-47778; Santa Cruz Biotechnology), and followed by the horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology, Danvers, MA). Signals were visualized using an ECL detection kit (34096; Thermo Fisher Scientific). Relative expression of genes was quantified using ImageJ software (National Institutes of Health).
Real-time polymerase chain reaction analysis RNA was extracted from pancreas tissues and reverse transcribed into complementary DNA using a real-time polymerase chain reaction (RT-PCR) kit. Advanced Universal SYBR Green Supermix was used in a quantitative RT-PCR in a CFX384 RT-PCR Detection System (Bio-Rad, Hercules, CA) to determine messenger RNA (mRNA) expression levels of Pdx1, Nkx6.1, Nkx.2.2, NeuroD1, Mafa, Ngn3, insulin, glucagon, somatostatin, Ins1, Ins2, and Glut2. Fold changes in gene expression normalized to b-actin or Pdx1 expression were plotted and compared between groups.
Intraperitoneal glucose tolerance test and insulin assay
Intraperitoneal glucose tolerance tests (IPGTTs) were performed on overnight fasted animals by injecting glucose (2 mg/ kg) as described previously (32) . Plasma insulin levels were measured using a mouse insulin enzyme-linked immunosorbent assay kit (80-INSMS-E01; ALPCO Diagnostics, Salem, NH).
Electron microscopy
Pancreases were pelleted and fixed in 2% phosphatebuffered glutaraldehyde and 2% aqueous osmium tetroxide (Sigma, St. Louis, MO) and then dehydrated in 50% to 100% ethanol. The dehydrant was removed using the intermediate fluid, propylene oxide (20401; EMS, Hatfield, PA). The pellets were infiltrated with a 1:1 solution of propylene oxide and EMbed 812 (EMS). The infiltration was continued using a 1:2 solution of propylene oxide and EMbed 812 overnight. The pellets were embedded in EMbed 812 the following day and polymerized in a 60°C oven for 48 hours. Preliminary 0.5-mm sections were cut, stained with toluidine blue (22050; EMS), and examined under a light microscope.
Immunohistochemistry, immunofluorescence, and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay Pancreatic tissues were processed as previously described (33) . In brief, mouse pancreases were dissected and fixed in 4% formaldehyde at 4°C for 12 hours before embedding in paraffin. Mouse pancreas 5-mm sections were deparaffinized, rehydrated, and incubated overnight at 4°C with anti-insulin (Thermo Scientific, Waltham, MA), glucagon (Abcam, Cambridge, MA), somatostatin (Abcam), Pdx1 (Abcam), E-cadherin (BD Biosciences, San Jose, CA), phospho-histone H3 (pHH3) (EMD Millipore, Burlington, MA), GRP94 (Enzo), and Amylase (Sigma) antibodies followed by fluorescein isothiocyanate-, cyanine dye 3-, or cyanine dye 5-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories). Slides were mounted with Vectashield with 4 0 6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). b-Cell apoptosis for mouse sections or primary islets cultured on ECM dishes was analyzed by the terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL) technique according to the manufacturer's instructions (In Situ Cell Death Detection Kit, TMR red; Roche, Indianapolis, IN) and double stained for Pdx1. Fluorescence was analyzed using a Zeiss Axio Imager M2 microscope (Carl Zeiss, Inc., Oberkochen, Germany) microscope and images were acquired using ImageJ. The frequency of TUNEL was presented as the percentage of stained cells among the Pdx1 + cells. Pancreas area quantitative analyses were performed by an Olympus BX40 on images taken by an Olympus microscopy image system (Olympus, Waltham, MA).
Morphometric analysis of islet/b-cell mass
To measure b-and a-cell mass, pancreases were removed from mice, weighed, embedded in paraffin, and then sectioned continuously. Sections were collected at 200-mm intervals throughout the entire pancreas. About 10 sections were collected and stained for each antibody. Immunostaining of insulin + (b) and glucagon + (a) cells was performed using the anti-insulin and antiglucagon antibodies, followed by fluorescein-conjugated secondary antibodies (34) . Pancreatic tissue area and insulin-or glucagon-positive area were determined by computer-assisted measurements using a Zeiss Axio Imager M2 microscope (Carl Zeiss, Inc.), and images were acquired using ImageJ software. The number of islets (insulinpositive aggregates $25 mm in diameter) were scored and used to calculate islet density (number of islets per square centimeter of tissue). Mean percentage of b-cell fraction per pancreas was calculated as the ratio of insulin-positive to whole pancreatic tissue area. b-Cell mass was obtained by multiplying the ratio of total insulin-positive area to total pancreatic area with the pancreas weight. a-Cell mass was obtained by multiplying the ratio of total glucagon-positive area to total pancreatic area with the pancreas weight. Morphometric b-cell and islet characterizations were obtained from analyses of at least 100 islets per mouse.
X-gal staining
Embryos were fixed in 4% paraformaldehyde for 1 hour. After washing with phosphate-buffered saline, the embryos were immersed in permeabilization buffer (0.02% deoxycholate, 0.01% NP-40 in phosphate-buffered saline). Embryos were stained with X-gal solution as described (31) .
Statistical analyses
Results are expressed as the mean 6 standard deviation of the mean of multiple independent experiments, as indicated in figure legends. Statistical analyses were carried out by twotailed Student t test or analysis of variance. P , 0.05 was denoted as significant.
Results
Generation of GRP94 conditional KO mice in which the GRP94 gene was deleted in Pdx1 + cells To assess the role of GRP94 in pancreatic b-cell development, we generated pancreatic progenitor cellspecific GRP94 KO mice (Hsp90b1 flox/flox ;Pdx1 Cre ) by breeding a Pdx1
Cre transgenic mouse strain with the published GRP94 flox/flox mice (22, 29) (Fig. 1A and 1B) . Ablation of the GRP94 gene was confirmed by immunofluorescent assays in Pdx1 + cells at embryonic day (E) 12.5 ( Fig. 1C ) and in b cells in 4-week-old pancreases (Fig. 1D ). Western blot (WB) analysis showed that islets from KO mice had only about 5% as much GRP94 protein expression as control [CTR (Pdx1 Cre ;GRP94 (Fig. 1E) . It is likely that the remnant GRP94 protein was derived from incomplete Hsp90b1 gene deletion in pancreatic cells or from non-b cells in the islets.
All conditional KO mice were viable and fertile. KO mice had similar body weights as CTR and heterozygote (Pdx1
Cre ;GRP94 flox/+ ) littermates (Fig. 1F ). At 8 weeks of age, ,10% of KO mice showed higher fasting blood glucose (;200 mg/dL) compared with CTRs (average 100 mg/dL; data not shown). At 18 weeks of age, three of 35 male KO mice were hyperglycemic (blood glucose .300 mg/dL). Heterozygote mice exhibited similar GRP94 expression and similar phenotypes as controls; therefore, only CTR mice were used as controls in the subsequent studies.
Ablation of GRP94 in Pdx1
+ cells causes pancreatic hypoplasia with reduced b-cell numbers during embryonic development To determine the impact of GRP94/Hsp90b1 inactivation in pancreatic development, pancreases from Pdx1
Cre ;GRP94 +/+ ;R26R reporter mice and Pdx1 Cre ; GRP94 flox/flox ;R26R KO mice were collected at E10.5, E12.5, and E18.5. X-gal staining of whole embryo or pancreas together with intestine was performed to help visualize the pancreatic tissue. We observed uniform X-gal labeling in the pancreatic epithelium, indicating high efficiency of the Pdx1-driven Cre recombination ( Fig. 2A and 2B ), although we cannot conclude whether the recombination was completed or not by only LacZ staining. We further performed immunohistochemical staining for GRP94 and amylase in pancreatic tissue sections collected at E16.5 from CTR or GRP94 KO mice. GRP94 expression was observed in some acinar cells in the KO mice (Supplemental Fig. 1 ), suggesting incomplete deletion of GRP94 in acinar cells.
No differences in pancreas size were observed at E10.5 ( Fig. 2A) or at E12.5 between pancreases from CTR and KO mice (not shown). In contrast, markedly smaller pancreases were observed at both E16.5 (not shown) and E18.5 in KO mice compared with CTR mice (Fig. 2B, 2C , and 2E). A normal pancreas includes the ventral and dorsal lobes. However, in the KO mice, the two parts were often indistinguishable, and the pancreatic area was significantly reduced in the KO mice at E18.5 (Fig. 2B,  2C, and 2E) . These results indicate that GRP94 was required for pancreas development during the embryonic stage. Of note, as observed in other Pdx1
Cre transgenic mice (35), X-gal staining was also observed in brain tissues of both CTR and KO mice because they both carry the cre recombinase transgene ( Fig. 2A) .
To further assess the role of GRP94 on endocrine cell development, we investigated the numbers of a, b, and d cells in pancreases of CTR and KO mice at E14.5, E16.5, and E18.5 in serial pancreatic sections. Immunofluorescence staining of different endocrine cell markers targeting insulin (b cells), somatostatin (d cells), and glucagon (a cells) showed a dramatic difference in the distribution patterns of endocrine cells between CTR and KO mice as early as E14.5. The differences were more pronounced at later time points (E16.5 and E18.5) as reduced numbers of a, b, and d were observed in KO mice (Fig. 2F) . At E18.5, a and b cells in the CTR pancreas had migrated and formed islets of Langerhans, as represented by a typical structure in which insulin-positive b cells cluster in the core with glucagon-positive a cells at the periphery. By contrast, a and b cells remained scattered in the KO pancreas throughout development (Fig. 2F) . Taken together, these results suggest that GRP94 deletion during embryonic development led to reduced numbers of endocrine cells and disrupted islet structure.
Impact of GRP94 depletion in Pdx1
+ cells at E12.5 The presence of appropriate numbers of progenitor cells at the appropriate time is critical for pancreas development and formation of sufficient b-cell mass (36). Pdx1 + progenitor cells appear at E8.5 to E12.5. After that, Pdx1 expression becomes higher in the endocrine lineage and lower in the exocrine lineage. To determine the underlying cause of pancreatic hypoplasia in GRP94KO mice, we counted the number of Pdx1 + cells in pancreases from CTR and KO mice at E12.5. Immunohistochemical analysis using anti-Pdx1 and anti-E-cadherin antibodies indicated that cells from KO and CTR mice exhibited normal expression patterns and had similar percentages of Pdx1 + cells among pancreatic cells (Fig. 3A and 3B ).
Furthermore, pancreas from E14.5 ( Fig. 3C ) and E16.5 (data not shown) KO and CTR mice exhibited a similar amount of mRNA expression of the transcription factors Pdx1, Nkx6.1, Nkx2.2, NeuroD1, Ngn3, MafA, insulin, glucagon, and somatostatin. In addition, KO and CTR mice exhibited no differences in the Ngn3/Pdx1 mRNA ratio (Fig. 3D) , suggesting that loss of GRP94 did not affect the ability of Pdx1 + cells to express these markers of endocrine differentiation. Because mutant buds may have more mesenchyme tissue, we also used Pdx1 expression as an endogenous marker to compare expression patterns of the above transcriptional factors. Again, no differences in gene expression have been observed (data not shown). It thus seems that GRP94 did not alter the differentiation behaviors of the progenitors.
Depletion of GRP94 reduces cell proliferation
To determine the mechanistic effects of GRP94, we measured cell proliferation in CTR and KO islets. in KO pancreas compared with CTR pancreas (Fig. 4A and  4B ), indicating that GRP94 expression was needed for proliferation of pancreatic progenitor cells. Furthermore, at E18.5, we found a 56% reduction in Ins + pHH3 + cells in KO pancreas compared with CTR pancreas (Fig. 4C and 4D ), indicating that GRP94 expression was needed for pancreatic b-cell proliferation.
Increased apoptosis may also contribute to reduced b-cell mass. We measured apoptosis of Pdx1 + cells using the TUNEL assay. There was an average 3.4-fold increase in TUNEL + apoptotic cells among Pdx1 + cells in KO pancreas compared with CTR pancreas at E12.5 ( Fig. 5A and 5B). Cell death was further confirmed by immunohistochemical staining of cleaved caspase-3 on frozen sections of E18.5 embryos and in pancreas at 4 weeks after birth. We found significantly increased cleaved caspase-3 + cells in islets but not in glucagon + cells at E18.5 ( Fig. 5C ) and 4 weeks after birth (Supplemental Fig. 2) . Pancreatic b-cell ultrastructure was further examined by transmission electronic microscopy. In developing pancreas, insulin-producing cells emerge at E10.5 (37) . By E16.5, most CTR b cells have accumulated large numbers of insulin granules. We next compared the morphology of ER by using method described by Tao et al. (38) . In contrast to the normal cisternae structure of the rough ER in CTR b cells, distended ER was observed in most b cells in the KO mice at E12.5 (data not shown). By E16.5, extremely distended ER was observed in most KO b cells (Fig. 5D) . Collectively, these results suggest that both decreased proliferation and increased apoptosis contributed to the reduction of pancreatic progenitor cells and mature b cells in the GRP94 KO pancreas.
GRP94 KO mice display reduced pancreatic b-cell mass at 4 weeks after birth A dramatic expansion of the endocrine pancreas is initiated before birth and lasts until 2 to 3 weeks (39) or even a month after birth (40) . We tested whether depletion of GRP94 affected pancreas size and pancreatic b-cell mass after birth. At 4 weeks of age, no significant difference in pancreas weight/body weight was observed between CTR and KO mice (Fig. 6A and 6B ). However, islet numbers (Fig. 6C ) and the numbers of small islets (determined from b-cell area) (Fig. 6D) were both dramatically decreased in the KO mice. Next, we measured b-and a-cell mass in serial pancreatic sections to determine whether deletion of GRP94 affected the phenotype and architecture of the islet clusters in the KO mice (Fig. 6G) . Broad morphometric measurements showed that b-cell mass was reduced by ;75% in the GRP94 KO mice (Fig. 6E) , whereas a-cell mass was unaffected (Fig. 6F) , suggesting that ablation of GRP94 further reduced pancreatic b-cell mass after birth.
GRP94 KO show impaired glucose disposal after IPGTT
We further assessed the effects of GRP94 depletion on b-cell function using IPGTT in KO and CTR mice at 8 weeks of age. Compared with CTR mice, KO mice exhibited impaired glucose disposal as manifested by markedly elevated blood glucose levels at most time points measured (Fig. 7A ) and increased area under the curve (Fig. 7B) . KO mice also exhibited reduced plasma insulin levels before and at 15 minutes after glucose challenge (Fig. 7C) . These data provide evidence that deletion of GRP94 led to impaired islet insulin secretion and function in the KO mice.
GRP94 in b-cell function
Despite the significant reduction in islet numbers (Fig. 6C) , adult KO mice showed normal fasting glucose levels or response during the glucose tolerance test (Fig. 7A  and 7B ). These results were not surprising in consideration of the fact that, in most rodent models, overt diabetes occurs only upon loss of .80% of the total pancreatic b-cell number (41) . To further determine the role of GRP94 in insulin secretion in b cells, we generated GRP94 KD cells using an insulinoma cell line, bTC3, by transfection with shRNA for GRP94. Control cells were infected with scrambled shRNA. We found that GRP94 KD cells showed increased insulin content (Supplemental Fig. 3A) as well as more basal and stimulated insulin secretion (Supplemental Fig. 3B ) after treatment with high glucose (16.7 mM). RT-PCR analysis showed that GRP94 KD cells had increased mRNA expression of Ins1, Ins2, and Glut2 (Supplemental Fig. 3C and 3D ). Increased Glut2 protein expression was further confirmed in membrane and cytosolic fractions of GRP94 KD cells by WB analysis (Supplemental Fig. 3E ). These data suggest that GRP94 is essential in regulating b-cell function.
Discussion
Insufficient b-cell mass and b-cell dysfunction contribute to diabetes (42) . Genetic studies suggest that most genes associated with increased susceptibility to diabetes are also involved in the regulation of b-cell growth and function during embryonic and fetal periods. GRP94 is one of the most abundant proteins in pancreas and islets, yet its roles in pancreatic b-cell development, survival, and function remain largely unknown. Here, we successfully depleted the GRP94 gene in pancreatic progenitor cells and mature b cells using Pdx1 Cre and GRP94 floxed transgenic mice. We found that GRP94 is essential for pancreatic b-cell development, proliferation, and function. Deletion of GRP94 led to pancreatic hypotrophy during the embryonic stage, reduced b-cell mass, and impaired insulin secretion after birth. Our studies suggest that reduced cell proliferation and increased apoptosis might have contributed to defects in b-cell development in the GRP94 conditional KO mice. Our results document a novel and essential role of GRP94 in pancreatic b cells and identify GRP94 deficiency as a contributing factor in the pathogenesis of diabetes. Our findings suggest that a strategy to restore GRP94 function may be of therapeutic benefit in diabetes.
Development of mouse pancreas starts as two epithelial buds appearing on the ventral and dorsal surface of the posterior foregut endoderm at E8.5 to E9.0 (43) . The buds then form a ductal tree consisting mainly of epithelial or pancreatic cords. At E13.5 to E14.5, a secondary transition includes intensive epithelial cell proliferation and initiation of differentiation. By E16.5, exocrine acinar cells separate from the central ducts, and endocrine cells begin to cluster as isletlike structures. Islet cells continue to proliferate and to undergo remodeling until 3 weeks after birth. Pdx1 is expressed in a population of cells in the pancreatic endoderm, and Pdx1 + cells give rise to the entire pancreas, including exocrine, endocrine, and duct cells (44) . When Cre-mediated recombination is driven by the Pdx1 promoter during embryonic development, all endodermal lineages of the developing pancreas, including acinar cells, duct cells, b cells, and other endocrine cells, are affected, but after birth, Pdx1-driven Cre-mediated recombination is restricted to b cells (45) . Although Pdx1 + cells appear in pancreas from E8.5 to E9.5 (46), we did https://academic.oup.com/endonot observe dramatic changes in pancreas sizes at E10.5 or E12.5 in the KO mice compared with controls, and significant pancreatic hypoplasia was observed only until E18.5. However, defects in pancreas development in the KO mice might have been initiated as early as E8.5 when Pdx1 + progenitor cells first appeared in the endoderm, eventually leading to a 75% reduction in pancreas volume at E18.5. Although deletion is widespread at E12.5, the acinar cells surrounding the adult islets are GRP94 positive, indicating incomplete recombination within the exocrine lineage. These results are consistent with a previous publication studying the role of another ER homeostasis regulator, X-box binding protein 1, in which X-box binding protein 1 from adult acinar cells caused their rapid death, followed by complete repopulation by cells that did not undergo deletion (47) , and similar phenomena were observed in the pancreas-specific deletion of b-catenin with Pdx1-cre mice (48) . It is reasonable to speculate that GRP94 is more important for the exocrine than the endocrine cells; therefore, exocrine cells are rapidly replaced by nondeleted cells. However, further studies out of the scope of this study are needed to test this hypothesis. In contrast, GRP94 was depleted in most of the b cells and therefore led to increased b-cell death and reduced b-cell mass during the embryonic stages as well as after birth. However, because islets/b cells comprise only 1% of the pancreas volume (49) , with other cell types within the pancreas still expressing GRP94 and surviving, no differences on total pancreas weights would be observed at 4 weeks after birth between CTR and KO mice. Therefore, our observation of pancreatic hypoplasia during mouse embryonic development suggests that GRP94 is required for the development of all endodermal lineages during the embryonic period. Mice can lose up to 80% of islet mass and still remain normoglycemic (41) , which may explain why GRP94 KO mice that had lost .70% of their b-cell mass at 4 weeks of age remained normoglycemic at 8 weeks of age, although they showed impaired glucose tolerance and reduced insulin secretion when challenged by IPGTT.
Although we observed increased insulin secretion in GRP94 KD b cells compared with wild-type cells in vitro, GRP94 KO mice at 8 weeks of age showed reduced insulin secretion after stimulation with glucose. The discrepancy may be caused by reduced b-cell mass in the KO mice: even GRP94 KO b cells secrete more insulin on a per cell basis, and the total amount of insulin secretion was still low in GRP94 KO mice at 8 weeks of age when a dramatic loss of b-cell mass occurred. Unfortunately, we could not obtain a sufficient number of islets from the adult GRP94 KO mice to measure insulin secretion or content to confirm it.
It is worth noting that Cre gene expression is not only found in pancreatic b cells but also seen in nutrient-sensing neurons in the Pdx1
Cre mice (35) . Therefore, there is a possibility that GRP94 deletion in Pdx1 + neurons also may have affected pancreatic and b-cell development in our study. However, because b-cell differentiation starts during embryonic development and lasts until weeks after birth (50), our results could not distinguish the relative importance of GRP94 to b-cell growth before or after birth. This question might be addressed using tamoxifeninducible conditional KO mice in which GRP94 can be depleted in terminally differentiated b cells.
There are other limitations with our study. For example, because Pdx1 expression levels showed dynamic changes in the differentiation of each cell type, it is hard to compare our results with studies using other Pdx1
Cre mice. Further studies using different Cre lines may be needed to better interpret the phenotype observed (44, 45, 51, 52) . For example, Ins1 creERT mice could be used to generate Ins1 cre GRP94 KO mice (53) . The Ins1 creERT mouse model permits gene depletion to be induced by tamoxifen administration specifically in pancreatic b cells. Gene depletion can be achieved in up to 92% of b cells by treatment with 200 mg/kg tamoxifen (31, 53) . We are currently pursuing further studies using this mouse model to more fully elucidate the role of GRP94 on b-cell growth and function.
As reported in other studies, compensatory mechanisms might exist in GRP94-depleted cells. For example, in some circumstances, the other ER stress protein, GRP78, has been shown to partially compensate for loss of GRP94 (15, 54) . We have found that expression of the GRP78 protein was increased in GRP94 KO islets (not shown), which suggests the possibility that GRP78 might have compensated for the loss of GRP94 in Pdx1 + cells. If true, remnant b cells would likely have persisted within the pancreas in KO mice long after GRP94 depletion. GRP94 functions mainly through particular clients depending on cell and tissue types (19, (26) (27) (28) 55) . This may be true for pancreatic b cells as well. That is to say, GRP94 might modulate maturation of membrane or secretory "clients" in b cells that are critical for b-cell survival and function. However, there is no evidence regarding the clients through which GRP94 exerts its function in b cells. Potential targets are integrins, IGF-I, and IGF-II, as observed in the pancreas or other tissues (19, 55, 56) . Further studies are needed to answer this question.
